Atomic force and scanning tunneling microscopy images of nanophase palladium and silver materials taken on various length scales are presented. The samples show a conformational packing of individual nanometer-sized clusters. In the case of silver, islands of clusters are observed on micrometer length scales. The islands are very tlat and separated by deep crevices. The grains (clusters) within the islands are closely packed with shapes adjusting to the neighboring grains. The islands are compact, either equiaxed or oblong in shape. Average island diameters of 200-300 nm. and average grain sizes of 20-50 nm were measured. The height variations on the islands are between 5 and 15 nm. The crevices are between 200 and 400 nm deep. In the case of palladium, the clusters are more uniformly packed and do not appear to be agglomerated in islands. Palladium grain sizes typically of 15 nm were measured along with corrugations of 10 nm in the closely packed areas.
I. INTRODUCTION
Nanophase materials consolidated from atom clusters produced by the gas condensation method',* have a number of properties that are frequently very different from those of analogous conventional materials. A wide range of nanophase materials, including metals, ceramics, and composites, can now be made by gas condensation, not only at the laboratory scale but also in commercial production. The properties of these nanophase materials depend strongly upon the sizes of the clusters from which the nanophase materials are assembled and also the manner in which the assembly takes place. The structure and properties of nanophase materials assembled by consolidating gas-condensed atom clusters in vacuum have been recently reviewed,2 along with the basic principles of materials synthesis via cluster consolidation.
The sizes of the clusters, which upon consolidation become the grains of the polycrystalline nanophase material, can be readily controlled by variation of the type, pressure, and temperature of the inert condensing gas and very small cluster sizes, which often exhibit particularly interesting me-soscopic physical and chemical behavior, can be obtained by specific design of the cluster source.3 However, assembly of the clusters has been generally less well controlled, normally being accomplished simply by uniaxial compression in a piston and anvil apparatus at room temperature, with consolidation pressure the primary variable.
The nanophase material structures resulting from this cluster consolidation have been studied at various length scales by a variety of methods including x-ray and neutron scattering, Miissbauer, Raman, and positron-annihilation spectroscopies, and transmission and scanning electron microscopies. A comprehensive general description of the structures of individual grains, the grain boundaries between grains, and the porosity remaining after consolidation and subsequent sintering is slowly being developed. Scanning tunneling microscopy (STM) and atomic force microscopy @FM) are uniquely capable of structural observations over the wide range of length scales important to nanophase materials, but they have not previously been applied to the elucidation of their structures. Of particular interest in the present investigation was the manner in which the individual atom clusters assemble together in the consolidation process, information that is not readily available from the other methods previously applied to the structures of nanophase materials. For example, the cluster "building blocks" of nanophase materials may change their shapes upon consolidation in order to achieve higher packing densities, or they may exhibit coalescence and change their sizes, thus affecting the properties of the resulting compact.
Imaging of atom clusters using STM has previously been usefully performed for various materials;"-' atomic resolution of clusters, adsorption sites, cluster-substrate interactions, and cluster electronic structures have been obtained. Gold cluster assemblies were also recently imaged by STM and cluster lattice systems discussed.',' STM observations of C!,, revealed spherical molecules with a hexagonal closepacked crystal structure,""r but without atomic resolution, possibly due to rotation of the molecules. Metal powder samples with micrometer-sized grains were studied by STM and scanning tunneling spectroscopy.'! In the present work, both STM and AFM were used to investigate the surface structures of cluster-consolidated nanophase Pd and Ag samples in an attempt to utilize the differences between the two methods to obtain a better description of these materials and to explore the relative value of these probes of nanophase structures. Granular materials are generally more difficult to image with scanning probe instruments like STM and AFM compared to flat surfaces or terraces. The crevices in consolidated cluster materials can be very narrow and deep and the imaging tip has to be very sharp and thin to give realistic pictures.
II. EXPERIMENT
The palladium and silver nanophase samples used for this study were consolidated from clusters produced by the inert gas condensation method.' The samples were synthesized from high purity (99.997% Pd or 99.999% Ag) precursor metals, evaporated near their melting temperature into approximately 650 and 65 Pa, respectively, of high purity He gas in a high vacuum chamber. After an evaporation/gascondensation run, the vacuum was returned to near the level obtained after baking the chamber walls and prior to evaporation, about 1 X lop5 Pa. Subsequently, the thermophoretitally collected gas-condensed powder was consolidated in a compaction unit that was sealed at this vacuum pressure and removed from active pumping. Consolidation was accomplished at room temperature using a uniaxially applied pressure of 1.4 GPa, reached within about 90 s. The consolidation pressure was held at this value for typically about 3 min, then released over a period of approximately 2 min. Further details of the sample preparation are described elsewhere."r3
Typical dimensions of the disk-shaped nanophase samples produced by the consolidation are 8-9 mm in diameter and 0.1-0.5 mm thick. As-consolidated samples were studied by optical microscopy and scanning electron microscopy to identify defects that might influence their mechanical and electronic behavior. Major features identified include heterogeneous surface texture in low compacted rims, radial rim cracks, polygonalized and irregular surface cracks, stringlike and angular features, low-relief surface top~ogra-phy, and small cavities.
The samples were then transferred to either the AFM or the STM working under ambient conditions. Both instrumentsi4 were operated with similar electronic control systems and image software. A Pt/Ir tip was used to scan the samples in the STM, and a silicon nitride cantilever with a silicon nitride (integral) tip was used for the APM. The microfabricated cantilever was wide-legged with a length of 100 mm and a spring constant of 0.6 N/m. Our AFM is based on detecting the cantilever deflection using an optical lever technique.15 The light beam from a laser diode is focused on the cantilever and reflected off its back. The reflected beam is detected by a split photodetector diode. The AFM was operated in constant force mode with a force between the tip and the sample of the order of lo-' N. The micrometer scale images were taken with a scan frequency of 2 Hz, and the nanometer scale images with 7 Hz. The STM images were taken in the constant current mode, where the distance between tip and surface is kept constant and the vertical displacements of the tip are measured by the voltage variations at the piezoelectric elements. Typically, bias voltages of 50 mV, setpoint currents of 10 nA, and scan frequencies of 8 Hz were used in the case of Pd. Smaller setpoint currents of about 0.3 nA were used to image Ag. It was much easier to acquire stable pictures of Pd compared to Ag. The tip often retracted and extended while scanning over the Ag sample, presumably due to local fluctuations of the tunneling resistance offered by the sample. This can be caused by inhomogeneous oxidation of the sample surface.
111. RESULTS Figure 1 shows a (13 ,um)2 area of a nanophase Ag sample surface as seen by AFM. The picture shows a large, flat area broken at scattered places with deep crevices representing surface porosity. The depth of these larger crevices varies between 220 and 370 nm. Within the flat region, closely packed islands of well-consolidated clusters appear, separated by shallower crevices. The islands consist of densely packed nanometer-sized clusters. The typical dimensions of the islands are between 400 and 800 nm. The surface corrugation on the islands varies between 4 and 15 nm.
We zoomed into smaller regions in order to resolve the structural nature of the islands. ters are clearly able to adjust their shapes to their neighbors', giving rise to minimal interstitial spaces. This results in higher packing density compared to rigid spheres which yield a maximum density of 78% of theoretical if they are of uniform size. The apparent average diameter of the observed clusters (grains) is 50 nm. Other regions showed larger clusters or groups of clusters not forming islands, but scattered over the surface. The range of average diameters of these clusters or groups was from 60 to 180 nm, as seen in Fig. 3 . Figure 4 shows an STM image of scan size (300 nm)" for the same Ag sample. Individual clusters with diameters of typically 20 nm are resolved. This is smaller than the 50 run-average size observed with the AFM. We believe that the particles that appear with 50 nm sizes are agglomerates of the primary 20 nm clusters. This is consistent with our transmission electron microscopy observations of these samples. It seems that either the STM tip was sharper than the AFM tip, allowing resolution of the 20 nm particles, or that the inherent imaging capabilities for grain boundaries of differing structures and energies are different for APM and STM.
The clusters in the Pd sample do not form the same type of islands as those in the Ag sample. Figure 5 shows a relatively tlat granular surface structure for nanophase Pd as seen by AFM. The crevices in this case do not surround regions of agglomerated particles. The average grain sizes range from 10 to 18 nm, Figure 6 shows a closer view of this sample. Individual clusters are clearly observed. They agglomerate in small regions that are connected to one another. A zoomed-in picture of such a small region is given in Fig. 7 . The particles are seen to be densely packed with approximately spherical shapes.
The Pd sample was also analyzed with the STM. Results similar to the AFM analysis were acquired. small mounds. The tendency for clusters to adjust their shape to their neighbors' is clearly seen in the center region of the picture. The botmdaries between the particles are sharp and the packing density is very high. The observed grains in this center region do not appear to resolve individual clusters. In the other regions the particles appear to be much smaller, representing these individual clusters. Presumably, the larger particles are made up of smaller clusters, but the individual grain boundaries are not equally resolved. This does not appear to be just a problem of ST&f resolution since atomic resolution in some areas on the samples was possible. For low energy grain boundaries, the surface restructuring (grain boundary grooving) would be minimal and, hence, not easily seen by either STM or AFM through surface protilimetry. that the original form of the clusters, presumably spherical, has been essentially preserved in the collection and consolidation process. However, the clusters also appear to accommodate their shapes to one another in order to minimize remaining porosity in the final nanophase compact. 
IV. DISCUSSION AND CONCLUS!ONS
The surfaces of the cluster-assembled Ag and Pd nanophase samples were uniform in regard to their small surface roughness and their overall structure on a micrometer length scale. However, on a nanometer length scale the structure varied when different areas were scanned. The particles were essentially spherical in some regions and had adjusted shapes in others to accommodate to their neighbors. Also, the apparent particle sizes varied from region to region. Presumably, this local variation was produced during consolidation and may represent a lack of sensitivity of AFM or STM to lower energy grain boundaries, for which less grain boundary grooving at the free surface is apparent. In such cases, atomic resolution studies using AFM or STM would have to be pursued; such an investigation is presently underway.
The most notable aspects of the present observations are: (1) the conformation of clusters to one another upon consolidation; (2) the grain bpundary grooving to varying degrees at different boundaries; and (3) the flatness of large regions of the as-consolidated surface. The STM and AFM images clearly show that the gas-condensed clusters, which are essentially spherical, conform their shapes to one another during consolidation by some sort of a deformation (extrusion) process that leads to high density (up to 97% of theoretical) nanophase metal compacts.r6 Whether this deformation results from dislocation motion or atomic diffusion or a combination thereof cannot be ascertained from the present observations alone, but it appears that short-range diffusional processes probably contribute significantly. Since it has been previously found that no preferred crystallographic orientation is seen in uniaxially consolidated nanophase compacts, it seems likely that a mechanism akin 'to that of AshbyVerrall creep17 may be playing a dominant role in the cluster compaction process. The degree of grain boundary grooving observed at many grain boundaries varies over wide ranges, an effect that is more clearly seen in the STM images than in the AFM images. Since this grooving is driven by a local equilibration among grain boundary and surface energies, local atomic migration away from the grain boundary intersection with the free surface must occur after the consolidation, thus yielding the observed surface corrugation (grooving). Finally, the nanophase sample surfaces are remarkably flat, given that they were untreated after consolidation against tungsten carbide piston faces. Even though these piston faces were highly polished by mechanical metallographic standards, the observed lack of surface asperities further indicates that a diffusional smoothing may be operative on these cluster-assembled surfaces.
It is apparent that the use of two different types of microscopes can be of great help in the investigation of nanogranular surfaces. The STM is sensitive to the local density of electron states at the Fermi level. The AFM probes the total local electron density. With the STM, a high electric field is present in the area where the image is taken (due to the small distance of a few tenths of a nanometer between tip and surface, and an applied electric field). Weakly bound adparticles with nonzero polarizibilities can be affected by the electric field. They can either change their positions on the substrate or can even be removed from the surface. This can lead to instabilities during scanning. Also, when the surface of the particles is oxidized, the oxide layer can be charged by the tunneling electrons while a picture is taken. Powder charging is a well studied phenomenon." In this case, the tunneling barrier can become inhomogeneous across the surface and lead to uncontrolled extension and retraction of the piezoelectric element in order to keep the tip-sample distance constant. We have observed such behavior while taking STM pictures from the Ag nanophase materials. The tip in the AFM comes close to the surface without using an electric field. The atoms of the tip and the sample experience short-range repulsive van der Waals forces that drive them apart, causing the cantilever to deflect away from the sample. In this contact, or repulsive-mode operation, atomic friction can occur, affecting the picture quality. By using both STM and AFM we can thus make use of the advantages of both instruments, and their differences, to obtain more comprehensive information regarding structural surface properties. In this way, more realistic descriptions should emerge.
In our studies, AFM gave easily stable images for nanophase Pd and Ag samples, while it was very difficult to obtain STM images from the Ag sample. We relate this to inhomogeneous silver oxide surface charging in the case of Ag. Reduction of the tunneling setpoint current and increase of the bias voltage usually helped to obtain stable images. Also, the settings for the scan frequencies and electronic feedback gains had to be adjusted to each other within a narrow window during the experiment in order to resolve deep and narrow features.
In the Ag samples we observed smaller grain sizes with the STM as compared to the AFM. When an AFM is used, the van der Waals atomic forces probe the topography at the surface. Variations of the atomic structure underneath the surface cannot be detected by AFM. Therefore, the AFM pictures might not resolve low-energy grain boundaries when the boundaries do not exhibit any grooving. The STM, however, can be sensitive to boundaries between clusters in contact. In general, the densities and atomic arrangements for clusters and boundaries are different. This can lead to a different density of electron states at the Fermi level. Consequently, the tunneling current can change while scanning across a grain boundary, even if the boundary is not a topographic feature of the surface. We plan to study this in more detail by means of atomic scale images of nanophase materials.
